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ABSTRACT
The scattering of fast radio bursts (FRBs) by the intergalactic medium (IGM) is explored using
cosmological hydrodynamical simulations. We confirm that the scattering by the clumpy IGM has
significant line-of-sight variations. We demonstrate that the scattering by the IGM in the voids and
walls of the cosmic web is weak, but it can be significantly enhanced by the gas in clusters and
filaments. The observed non-monotonic dependence of the FRB widths on the dispersion measures
(DM) cannot determine whether the IGM is an important scattering matter or not. The IGM may
dominate the scattering of some FRBs, and the host galaxy dominates others. For the former case,
the scattering should be primarily caused by the medium in clusters. A mock sample of 500 sources
shows that τIGM ∝ DMIGM
1.6−2.1 at z < 1.5. Assuming that the turbulence follows Kolmogorov
scaling, we find that an outer scale of L0 ∼ 5 pc is required to make τIGM ∼ 1− 10ms at ν = 1 GHz.
The required L0 ∼ 5 pc can alleviate the tension in the timescales of turbulent heating and cooling
but is still ∼ 4 orders of magnitude lower than the presumed injection scale of turbulence in the IGM.
The gap is expected to be effectively shortened if the simulation resolution is further increased. The
mechanisms that may further reduce the gap are shortly discussed. If future observations can justify
the role of the IGM in the broadening of FRBs, it can help to probe the gas in clusters and filaments.
Keywords: radio continuum: general — turbulence — intergalactic medium
1. INTRODUCTION
Fast radio bursts (FRBs) are a recently dis-
covered class of millisecond-duration radio tran-
sients (e.g., Lorimer et al. 2007; Thornton et al. 2013;
Champion et al. 2016; Petroff et al. 2016). The dis-
persion measures (DMs) of observed FRBs range from
176 to a few thousands (the highest value until now is
2596 pc cm−3; see Bhandari et al. 2018). For most ob-
served events, their DMs are much higher than the ex-
pected value because of the medium in the Milky Way,
which indicates that FRBs are of extra-galactic origin.
It is suggested that the DMs of FRBs are substan-
tially contributed by the intergalactic medium (IGM),
which can be used in principle to probe the properties
of the IGM(Ioka 2003; Inoue 2004; Deng & Zhang 2014;
McQuinn 2014).
The broadening of the pulse width because of scatter-
ing by the turbulent medium, i.e., τ , is also an important
parameter of FRBs. The scattering by the Galaxy is in-
adequate to explain the broadening of several FRBs at
high latitudes. The location of the non-galactic scat-
tering has not been determined because both the host
galaxy medium and IGM may play important roles. The
host can cause significant broadening that is sufficiently
strong to explain the observation (Cordes et al. 2016;
Katz 2016; Xu & Zhang 2016, hereafter XZ16). Mean-
while, the contribution of the IGM is under debate.
Macquart & Koay (2013, hereafter MK13) estimated
that the broadening contributed by the extended, dif-
fuse IGM at z < 3 was approximately τIGM . 1ms
at ν ∼ 300 MHz. They showed that the intervening
halo gas and intra-cluster medium (ICM) along the LOS
might be capable of producing τIGM ∼ 5ms at ν ∼ 300
MHz, but they doubted the probability. Two major con-
cerns were recently raised against the IGM as an impor-
tant scattering matter: (1) To produce τIGM ∼ 5ms
at ν ∼ 300 MHz, the outer scale of turbulence with
the Kolmogorov spectrum must be ∼ 10−2 pc, which
appears too small compared to the often presumed in-
jection scale (≥ 100 kpc) and is incompatible with the
cooling rate of the IGM(Luan & Goldreich 2014, XZ16).
(2) The non-monotonic dependence of the observed FRB
widths on DMs is inconsistent with the expectations for
intergalactic scattering(Katz 2016).
However, Yao et al. (2017) argued that the broad-
ening of observed FRBs tended to increase with the
DM contributed by the IGM. In fact, the strength
2of this tendency may have been weakened by the
large lines-of-sight(LOS) variations in the scatter mea-
sure (SM) caused by the clumpy IGM (MK13). The
anisotropic gravitational collapse makes the initially
small-amplitude density fluctuations of cosmic matter
form a large scale spatial pattern known as the cos-
mic web, which consists of clusters, filaments, walls and
voids (Zeldovich 1970; Bond et al. 1996). The density
perturbation growth in the late nonlinear stages be-
cause of gravitational instability can be described by
a turbulence model (Shandarin & Zeldovich 1989). In
addition, the accretion of matter to collapsed objects
is highly anisotropic and non-homogenous. The gas ac-
creted into dark matter halos occurs in both hot and cold
mode, and contains clumps of various size(Dekel et al.
2009). When low mass dark matter halos falling into
the gaseous halo of more massive dark matter halos,
both thermal and dynamical instabilities, such as the
Kelvin-Helmholtz and Rayleigh-Taylor instability, will
be triggered and can lead to density fluctuations on
scale smaller than the satellite halos(e.g., Mayer et al.
2006; Abramson et al. 2011). Recent cosmological hy-
drodynamical simulations without a star formation pro-
cess found considerable density fluctuations of gas on
the resolution scale, i.e., tens of kpc, particularly in
clusters and filaments(Vazza et al. 2010; Zhu & Feng
2017). Cosmological hydrodynamical simulations of
galaxy formation have shown density and temperature
fluctuation on their resolution scale of a few kpc in re-
gions within and outside the dark matter halos (e.g.,
Vogelsberger et al. 2012, Nelson et al. 2013 ).
In this work, we probe the scattering of FRBs by the
clumpy IGM using cosmological hydrodynamical simu-
lations and revisit the required outer scales of turbulence
that can make the IGM an important contributor to the
broadening of FRBs. We present the numerical method-
ology in Section 2. The DM and SM contributed by the
IGM residing in the cosmic web are probed in Section
3. We then probe the scattering of FRBs by the IGM
in Section 4. In Section 5, we discuss the required outer
scales of turbulence to make the IGM play important
roles in the broadening of FRBS. Then we summarize
our results in Section 6.
2. METHODLOGY
2.1. simulations
The IGM distributions in periodical boxes were ob-
tained from a fixed-grid cosmological hydrodynamical
simulation using the code WIGEON (Feng et al. 2004;
Zhu et al. 2013, hereafter Z13) with a 10243 grid and
an equal number of dark matter particles. We ex-
pect that a simulation with higher spatial resolution
will tend to have larger density fluctuation and scat-
tering measures. To illustrate such effects, we ran three
simulations with box side lengths of 200, 100 and 50
h−1 Mpc. The corresponding spatial resolutions are
195, 97.7, and 48.8 h−1 kpc. The mass resolution
of dark matter particles are 7.7 × 108, 9.7 × 107, 1.2 ×
107h−1M⊙ respectively. These simulations will be re-
ferred to as B200, B100 and B050 in the following sec-
tions. The Planck cosmology was adopted, i.e., Ωm =
0.317,ΩΛ = 0.683, h = 0.671, σ8 = 0.834,Ωb = 0.049,
and ns = 0.962 (Planck Collaboration et al. 2014). Ra-
diative cooling and heating from a uniform ultraviolet
background(Haardt & Madau 2012) were included. The
star formation and active galactic nuclei (AGN) were not
tracked. At z ≤ 2.5, we successively stored the distribu-
tion of the IGM with the redshift intervals given by the
light-crossing time through the box.
Figure 1 shows the density in a slice of thickness
0.39h−1 Mpc at z = 0, which exhibits the cosmic web
pattern. The vorticity of velocity ~ω = ∇ × ~v is a good
indicator of the turbulence in the IGM and ICM (e.g.,
Ryu et al. 2008; Zhu et al. 2010). The projected vor-
ticity is also presented in Figure 1, which is rescaled
as sgn(~ω)|~ωt|1/2 to increase the contrast, and t is the
cosmic time. The turbulence is well developed in the
over-dense region, particularly in filaments and clus-
ters/knots. Figure 2 presents the distribution of baryon
density in the three simulations mentioned above at
z = 1 and z = 0, and corresponding cumulative dis-
tribution. The number of grid cells that have a baryon
density larger than 10 times of the cosmic mean grows
as the redshift decrease. At z = 0, the volume frac-
tion of cells with ρb/ρ¯b > 100 in B200, B100 and B050
is about 3.3, 5.9, 7.2 × 10−4 respectively. The mass
fraction of baryons residing in over-dense region with
ρb/ρ¯b > 100, 1000 in B050 is around 25% and 5% re-
spectively at z = 0.
2.2. Calculation of DM and scattering
For a source at redshift zs, the dispersion mea-
sure caused by the IGM and accounting for the fre-
quency shift due to cosmic expansion is(McQuinn 2014;
Deng & Zhang 2014)
DM(zs) =
∫ zs
0
ne(z)
1 + z
dl, (1)
where ne(z) is the number density of electrons at red-
shift z. The effective scattering measure because of the
extended IGM is given by (e.g., MK13 and XZ16)
SMeff(zs) =
∫ zs
0
C2N (z)dH(z)
(1 + z)3
dz, (2)
where dH(z) = cH
−1
0 [ΩΛ+Ωm(1+z)
3]−1/2 is the Hubble
radius, and C2N (z) is related to the variance of electron
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Figure 1. Density (left) and projected vorticity (right) of the IGM in a slice of thickness 0.39h−1 Mpc at z = 0. The red/blue
color in the right panel indicates that the vorticity is toward/away from the observer.
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Figure 2. Top: The volume fraction of baryonic matter as
a function of density contrast in the three simulations men-
tioned in section 2 at z = 1 and z = 0; the bin width is
∆[log(ρb/ < ρb >)] = 0.05, and < ρb > indicates the cosmic
mean density of baryon. Middle: The mass fraction of bary-
onic matter in three simulations. Bottom: The cumulative
distribution of baryon mass fraction as a function of density
contrast.
density 〈δn2e(z)〉 as
C2N (z) ≈
β − 3
2(2π)4−β
〈δn2e(z)〉L
3−β
0 (3)
when the density power spectrum of the turbulence fol-
lows a power law with index β > 3(see XZ16 for β < 3)
between the outer scale L0 and the inner scale l0, as-
suming l0 ≪ L0. Although there are both supersonic
and subsonic turbulence in the IGM (Z13, Vazza et al.
2017), we only consider the latter and adopt the Kol-
mogorov turbulence model, i.e., β = 11/3. Following
MK13, we take 〈δn2e(z)〉 ∼ n
2
e(z) , i.e., assuming that
the IGM are fully ionized. By and large, the IGM be-
came nearly fully ionized after the reionization era, i.e.,
z . 5.5. A small fraction of IGM remain neutral, which
we will not take into account it in this work for the sake
of simplicity. Then, the effective scattering measure is
SMeff(zs) ≈ 1.42× 10
−13
(
Ωb
0.049
)2(
L0
1pc
)−2/3
m−20/3 ×
∫ zs
0
[ρb(z)/ρ¯b(z)]
2(1 + z)3dH(z)dz
≈ 1.31× 1013 m−17/3 ·
1
h
(
Ωb
0.049
)2(
L0
1pc
)−2/3
×
∫ zs
0
[ρb(z)/ρ¯b(z)]
2 (1 + z)
3
[ΩΛ +Ωm(1 + z)3]1/2
dz.
(4)
Using conventional methods (e.g., Gnedin & Jaffe
2001; Dolag et al. 2015), we stack the simulation vol-
umes and construct light-cones to calculate DM(zs) and
SMeff(zs).
3. CONTRIBUTIONS TO DM AND SM BY THE
IGM IN THE COSMIC WEB
We randomly sampled 10000 lines of sight for each
cosmological simulation. The mean value of DM con-
tributed by the IGM as a function of redshift z, i.e.,
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Figure 3. Top: The solid lines indicate the mean values of
DM caused by the IGM as a function of the redshift, whereas
the dashed lines show the standard deviations. The gray
lines represent the result in McQuinn 2014. The red and
blue lines are the results in this work based on simulations
B200 and B100, respectively. Bottom: The dotted-dashed,
triple-dotted-dashed, and long dashed red lines indicate the
fractions of DM contributed by the gas in clusters, filaments,
and voids and walls, respectively.
DMIGM(z), and the corresponding standard dispersion
at z < 2 are shown by solid and short-dashed lines, re-
spectively, in the top panel of Figure 3. Our results
for DMIGM(z) are consistent with McQuinn (2014) in
all three simulations. The deviation in B050 is almost
consistent with those of McQuinn (2014). However,
in the other two simulations, the deviations are rela-
tively smaller, which may be a result of the relatively
poorer resolution compared to the simulation sample in
McQuinn (2014), which has a mass resolution of dark
matter particles of 3×107h−1M⊙, and a softening length
of 1.6 h−1 kpc. Increasing the resolution helps to resolve
large density fluctuations in the over-dense region.
The baryonic gas resides in different cosmic structures,
i.e., voids, walls, filaments and clusters. To probe the
contributions to DMIGM(z) of different structures, the
grid cells are assigned to four categories of structures as
in Zhu & Feng (2017). As shown in the lower panel of
Figure 3, the gas in clusters contributes approximately
∼ 15%− 20% of the total DMeff(z), the gas in filaments
contributes ∼ 35− 45%, and the gas in voids and walls
contribute the remaining ∼ 35−45%.These fractions ba-
sically trace the mass distribution of baryonic matter in
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Figure 4. Top: the solid (short dashed) lines indicate the
mean values (standard deviations) of SMeff(z) caused by the
IGM as a function of the redshift; the blue, red and green
lines indicate the results based on simulations B200, B100
and B050, respectively. The long dashed lines show SMeff(z)
caused by gas in voids and walls. The gray and cyan solid
lines indicate SMeff(z) caused by the diffuse IGM in MK13
and this work, respectively. Bottom: identical to the bottom
panel of Figure 3 but for SMeff(z).
the cosmic web as demonstrated in Zhu & Feng (2017).
MK13 analytically estimated the effective SM due to
the extended, diffuse IGM by assuming that the IGM
had an isotropic and uniform distribution and concluded
that it was weak. We run the identical estimation
by taking ρb(z)/ρ¯b(z) = 1 in eqn. (4) and denote it
as SMeff,diff(z). As shown in the top panel of Figure
4, our result for SMeff,diff(z) is ∼ 1.5 times that in
MK13, which should be caused by different cosmolog-
ical parameters. Then, we derive the mean effective
scattering measure as a function of the redshift, i.e.,
SMeff(z), based on the IGM distribution in our simu-
lations, which is shown as the red, blue and green solid
lines in Figure 4. The mean value of SMeff(z) in B200
is approximately 20 times larger than SMeff,diff(z). It
is approximately 1015(L0/1pc)
−2/3m−17/3, i.e., 3.25 ×
10−5(L0/1pc)
−2/3 kpcm−20/3, at z = 1 in B200. The
corresponding SMeff in B100 and B050 increases by a
factor of 2.5 and 10, respectively, compared with B200.
For an out scale of L0 ∼ 100 kpc, which was adopted
in some previous work(Luan & Goldreich 2014, XZ16),
5SMeff in B050 is approximately 5×10
12m−17/3 at z = 1.
Apparently, the outer scale influences whether scatter-
ing in the IGM/clusters is important or not. We will
probe this effect in the next section.
The short dashed lines in the top panel of Figure 4 in-
dicate the corresponding dispersions of SMeff(z). Con-
sistent with the speculation in MK13, SMeff(z) shows
significant LOS variations with a larger standard devia-
tion than 2 times the mean value at z ≤ 0.5 in all simula-
tions. We also found that a higher simulation resolution
corresponds to larger LOS variations in SMeff(z). These
dramatic variations are expected to weaken the depen-
dence of SMIGM on DMIGM if the sample size is small.
The excess of SMeff(z) with respect to SMeff,diff(z) and
the dramatic LOS variations should result from the in-
tervention of filaments and clusters along some LOS.
The long dashed lines in the top panel of Figure 4 in-
dicate that the effective SM caused by gas in voids and
walls is close to the value of SMeff,diff(z) and contributes
only ∼ 4%− 5% of the total SMeff(z). The gas in clus-
ters and filaments contributes approximately 65 − 80%
and 20− 30%, respectively, as shown in the lower panel
of Figure 4. The absolute magnitude of the effective SM
contributed by the gas in clusters is significantly higher
than the estimated value in MK13. Moreover, the con-
tribution by the gas in clusters is relative higher in B050
than in B100 and B200. The increase in SMeff in B050
should primarily result from the stronger density fluc-
tuation in the cluster region captured by the increased
spatial resolution. As Figure 2 demonstrated, there are
more cells that have a baryon density ρb/ρ¯b > 10 in B050
with respect to B200 and B100. According to eqn. 4.,
the magnitude of SMeff would be very sensitive to such
cells, for a fixed L0. Those cells are likely belong to fila-
ments and clusters, considering the density distribution
in the cosmic web (Zhu & Feng 2017).
In short, the gas in clusters contributes only 15% of
DMIGM but dominates the effective SM caused by the
IGM.
4. TIME BROADENING OF FRBS BY THE IGM
In this section, we study the time broadening of
FRBs due to the reported effective scattering measure
of the IGM in the last section. For comparison with
observations, we use the information of the observed
FRBs with available scattering times. More specifi-
cally, we include 17 events compiled in Cordes et al.
(2016) and Y17, 4 events reported in Bhandari et al.
(2018), event FRB 150807(Ravi et al. 2016) and event
FRB 170107(Bannister et al. 2017). Many previous the-
oretical studies investigated the broadening by the IGM
at ∼ 300 MHz (e.g., MK13 and Luan & Goldreich 2014
). However, the time broadening of the observed FRBs
is commonly measured and provided at approximately
∼ 1 GHz(Petroff et al. 2016). Thus, for a more accurate
comparison between our result and the observational re-
sults, we discuss the time broadening at 1 GHz.
4.1. Variations, dependence on DM, and strength
The relation between the temporal broadening and
SMeff for Kolmogorov turbulence is (e.g., MK13)
τ = 10−4 ms× (1 + zL)
−1
(
Deff
1Gpc
)
×

3.32×
(
λ0
30cm
)4 ( SMeff
1012m−17/3
) (
l0
1AU
)
−
1
3 rdiff < l0
9.50×
(
λ0
30cm
) 22
5
(
SMeff
1012m−17/3
) 6
5 rdiff > l0
(5)
where zL is the redshift of the scattering matter;
λ0 is the wavelength in the observer’s frame; Deff =
DLDS/DLS, with DL and DS being the angular diam-
eter distance of the scattering matter and the source
from the observer, respectively; and DLS is the angu-
lar diameter distance of the source from the scattering
matter. The diffractive length scale rdiff for β = 11/3 is
approximately
rdiff ∼ (πr
2
eλ
2
0SMeff l
− 1
3
0 )
−1/2, rdiff < l0, (6a)
rdiff ∼ (πr
2
eλ
2
0SMeff)
−3/5, rdiff > l0. (6b)
As shown in eqns. (4) and (5), τIGM highly depends
on L0 and l0. Although significant density fluctuations
of gas were found on the resolution scale, i.e., tens of
kpc, in many simulations with or without star forma-
tion and AGN, it remains a challenge to probe them by
observation. Density fluctuations on similar scales in the
central region of the Coma and Perseus clusters were re-
cently reported (Churazov et al. 2012; Zhuravleva et al.
2015). However, constrained by resolution, both simu-
lation and observation cannot provide any information
between tens of kpc and the Fresnel scale, i.e., ∼ 10
AU. Thus, the value of τIGM discussed here is based on
certain assumptions on L0 and l0.
For simplicity, we first consider the case rdiff < l0 with
l0 ≈ 1AU and assume that (1 + zL) ∼ 1, Deff ∼ 1Gpc.
For the stacked IGM distribution of each cosmologi-
cal simulation, we randomly place 20 mock sources in
the redshift range 0.10 < z < 1.50. The top panel
in Figure 5 shows SMeff as a function of DMIGM of
these mock sources. The low- and high-redshift ends
of mock sources are selected so that DM (zlow) and
DM (zhigh) in section 2 are approximately equal to the
smallest and largest DMIGM of the observed FRBs. In
fact, both host galaxies and the IGM can contribute
to the DM of the observed events. Various models
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Figure 5. SMeff(τIGM) as a function of DMIGM. Top panel:
The left axis shows the SMeff of 20 mock sources, and the
right axis indicate the corresponding τIGM at ν = 1 GHz
for the case rdiff < l0 and L0 = 0.1Mpc. From the second
to fourth panels: The circles indicate the SMeff and τIGM of
500 mock sources in B200, B100 and B050(the value of L0 is
adjusted for each simulation, see the text for details). The
solid black, pink and cyan lines indicate the linear fitting
results of τIGM ∝ DM
n
IGM, and the blue solid lines indicate
the fitting in Yao et al. (2017). The τ and DMIGM of the
observed events (filled square and downward arrow) are given
by data in relevant references(see Petroff 2016). The red
arrow indicates the repeating FRB 121102. The navy blue
arrow indicates the event FRB150807, which has been shifted
upward by an order of magnitude.
have been introduced in the literature, but the actual
picture remains unclear. So far, it is not straightfor-
ward to determine the DMIGM of observed FRBs using
any method. As a beginning, we use a notably simple
model following Yao et al. (2017), i.e., assuming that
the hosts’ contribution to DM is DMhost = 100 pc cm
−3,
except for the repeating event FRB 121102. This sim-
plification can help us to reveal the dependence of
τIGM on factors such as DMIGM and simulation resolu-
tion. The host galaxy’s contribution for FRB 121102
is set to DMhost = 170 pc cm
−3 according to recent
observations(Spitler et al. 2016; Chatterjee et al. 2017;
Tendulkar et al. 2017; Bassa et al. 2017). The assump-
tion of DMhost = 100 pc cm
−3 is likely oversimplified, so
we will consider more realistic models in the next sub-
section.
The dependence of τ on DM is used as an important
indicator to determine whether the IGM is an important
scattering matter of FRBs. For a given L0, the depen-
dence of τIGM on DMIGM for these 20 mock sources is
weak for all three simulations. The lack of a strong de-
pendence results from the large LOS variations and lim-
ited sample size. The variations in τIGM can be up to
∼ 1 orders of magnitude at DMIGM ∼ 1000 pc cm
−3. We
then increase the number of randomly distributed mock
sources to 500 for the stacked IGM distribution of each
simulation, while the redshift range is kept to 0.10 <
z < 1.50. The second to fourth panels in Figure 5 show
that with a largely increased sample size of 500, τIGM
shows a clear positive correlation with DMIGM. The
linear least square fitting gives τIGM ∝ DMIGM
1.56±0.03,
DMIGM
1.72±0.04, and DMIGM
2.02±0.05 in the three sim-
ulations. The linear Pearson correlation coefficient of
log(τIGM) and log(DMIGM) are 0.90, 0.88, 0.87 in B200,
B100, and B050 respectively. The scaling relation in our
work are steeper than the result in Yao et al. (2017),
i.e., τ ∝ DMIGM
1.27±0.72, but are within their range of
scatter. This discrepancy may be alleviated if the real τ
of those observed FRBs with only upper limits is smaller
than the limits. In addition to the large LOS variations
of SMeff,IGM, the dependence of τ on DM is also compli-
cated by the mixing contribution to the DM by both the
host galaxy and IGM. Meanwhile, the selection effect of
observed events is not clear. Thus, in contrast to Katz
(2016), the observed non-monotonic dependence of the
widths of FRBs on DM cannot be used as solid evidence
to rule out the IGM considering the limited number of
events.
The magnitude of τIGM is another important criterion
to evaluate the contribution of the IGM to the broad-
ening of FRBs. According to the estimated value of
SMeff in section 2, τIGM is ∼ 10
−4− 10−3(10−2− 10−1)
ms at the frequency of 1 GHz(300MHz) for DMIGM ∼
1000 pc cm−3, with an outer scale of L0 ∼ 100 kpc. This
level is implausible for explaining the observed events
with τ ∼ 5ms at ν ∼ 1 GHz. We then adjust the
value of L0 in the calculation of SMeff for each simu-
lation sample, to make τIGM(1GHz) ∼ 1 − 10ms for
DMIGM ∼ 500 − 1000 pc cm
−3. A significantly smaller
L0 on the order of ∼ 0.02pc is required in B200, as
shown in the second plot of Figure 4. The required L0
can be increased to ∼ 0.06, 0.18 pc in B100 and B050, re-
spectively, because of the stronger density fluctuations
captured by the increased resolution. For such values
of the outer scale, the distribution of τIGM − DMIGM
7of mock sources can nearly cover that of the observed
events, except for FRB010724 and FRB160102. For the
former event, we will revisit it later. The event FRB
160102 with the highest DMxg could be covered by an
increased high-redshift end.
Figure 6 shows the case with rdiff > l0. For DMIGM ∼
500− 1000 pc cm−3, the required outer scale L0 to pro-
duce τIGM(1GHz) ∼ 1− 10ms is ∼ 5 pc in B050, which
is relatively larger than the case with rdiff < l0. Mean-
while, convergence with increasing resolution is not at-
tained in B050. The demanded outer scale of turbulence
is expected to further increase with increasing resolu-
tion.
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Figure 6. Identical to the bottom three panels in Figure 5
but for rdiff > l0.
4.2. τIGM −DMIGM relation: the key role of the gas in
the clusters
Assuming that the mock sources are randomly dis-
tributed in a certain redshift range, the dependence of
τIGM on DMIGM in our simulations tends to steepen
when the resolution increases. This trend should be re-
lated to the enhanced density fluctuations in simulations
with higher resolution, particularly in the clusters. We
probe this effect by calculating the broadening time due
to the effective measure caused by gas in different struc-
tures. We use the same mock sources as in the last
subsection. In Figure 7, the horizontal axis indicates
the dispersion measure contributed by gas in voids and
walls, filaments, and clusters. The vertical axes indi-
cate the corresponding effective scattering measure and
broadening time, assuming rdiff < l0. To isolate the im-
pact of resolution on SMeff , as well as the dependence
of τIGM on DMIGM, we use an identical outer scale of
L0 = 0.18 pc for all the samples from three simulations
in this subsection.
The top panel shows that the relation between τ
and DM due to the extended, diffuse IGM in voids
and walls is consistent in the three simulations, with
τvoid ∝ DMIGM,void
1.36−1.38 with small scatter. Dis-
crepancies appear in the case of gas in filaments, with
τfilament ∝ DMIGM,filament
1.38, ∝ DMIGM,filament
1.54, and
∝ DMIGM,filament
1.68 in B200, B100 and B050, respec-
tively. Evident dispersion also appears and is enhanced
by the increased resolution. The scaling relation be-
tween τ and DM by the baryonic matter in the clus-
ters is the steepest, with τcluster ∝ DMIGM,cluster
1.64,
∝ DMIGM,cluster
1.76, and ∝ DMIGM,cluster
2.00 in the
three simulations.
In section 3, we find that the baryons in the clus-
ters dominates the scattering measure and contributes
approximately 15% of the dispersion measure due to
the IGM. Hence, the global relation between τIGM and
DMIGM should be largely determined by the scaling of
τcluster − DMIGM,cluster. Figure 8 presents an example
based on simulation B050. This property can explain the
result of the global scaling relation obtained in the last
subsection. The scaling relation of τ ∝ DM2.00 is consis-
tent with some previous analysis for a homogeneous tur-
bulent scattering medium (e.g., see Cordes et al. 2016 ).
Meanwhile, it is shallower than the scaling relation of
the observed Galactic pulsars at DM > 100 pc cm−3.
Cordes et al. (2016) showed that the mean scattering
time of the observed pulsars could be fitted by
τ̂ (DM) = 2.98× 10−7 ×DM1.4×
(1 + 3.55× 10−5 ×DM3.1)ms.
(7)
As there are no signs of convergence in our simulations,
the dependence may become more steep if the resolu-
tion is further increased. On the other hand, the density
fluctuations in the clusters are probably more homoge-
neous than those in the interstellar medium of the Milky
Way and result in a relatively shallower scaling relation.
Other physical properties, such as the thermal and ion-
ization states, are likely different between the ISM in the
Milky Way and IGM, including the baryonic medium in
clusters. Hence, the scattering law of Galactic plasma
may be not applicable to the scattering in the IGM.
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Figure 7. Top: The dispersion measure and effective scatter-
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the corresponding τ , assuming rdiff < l0 and L0 = 0.18 pc;
the black, pink and cyan circles indicate the mock sources
in simulations B200, B100 and B050, respectively. Middle
(bottom): identical to the top panel but for those caused by
the gas in filaments (clusters).
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4.3. Dispersion and scattering by the host galaxy and
IGM
The assumption of DMhost = 100 pc cm
−3 in section
4.1 is likely oversimplified and may overestimate the red-
shift of FRB events. Cordes et al. (2016) discussed a set
of mixed models in which the dispersion and scattering
of FRBs involved both the host galaxy and the IGM and
suggested that the extragalactic portion of the FRBs’
DM, i.e., DMxg, either consisted of mixture contribu-
tions or was dominated by the host. The scenario that
the host galaxy dominated the broadening was favored
in the literature, as the studies mainly considered the
diffuse IGM, which has a relatively lower density. Our
results based on simulations indicate that the gas in the
filaments and clusters may play an important role, which
is consistent with the speculation in MK13. Hence, there
may be other possible solutions, e.g., the broadening of
some events is dominated by the host, whereas other
events are dominated by the intervention of clusters and
filaments.
In the upper and lower panels of Figure 9, the host’s
contributions to the DMxg of the observed events are set
to 50% and 20%, respectively, close to one of the mixed
models proposed in Cordes et al. (2016). The cyan lines
indicate the expected τhost due to DMhost according to
the scaling law of τhost−DMhost, which was derived from
the observed pulsars in Cordes et al. 2016. The circles
indicate mock sources randomly distributed in the red-
shift ranges of 0.10 < z < 0.75 and 0.10 < z < 1.35
based on simulation B050. τIGM is obtained accord-
ing to eqn. 5a assuming L0 = 0.18 pc. In the top
panel, the expected τhost can well explain several events
in the top-left region of the τ − DM space, except for
FRB010724. With the fraction of the DM contributed
by the host galaxy larger than 50%, the scaling law in
Cordes et al. 2016 can explain this event. However, the
remaining events show an evident scattering deficit with
respect to τhost. Decreasing the host’s contribution to
DMxg, as in the bottom panel, can resolve the deficit.
In other words, both the DM and τ of those events can
be primarily contributed by the IGM if L0 ∼ 0.18 pc for
rdiff < l0 or L0 ∼ 5 pc for rdiff > l0. Alternatively, if
the host galaxy dominates the scattering while the IGM
dominate the DM can also explain those events.
5. DISCUSSION
To make τIGM ∼ 5ms at ν = 1GHz, the required
L0 here is ∼ 2.5 orders higher than the value of
10−3−10−2 pc in the literature(Luan & Goldreich 2014,
XZ16). Moreover, the estimated broadening times in
many theoretical works were at the frequency ν = 0.3
GHz. To produce τIGM ∼ 5ms at ν = 0.3GHz, the re-
quired L0 in B050 can be as large as 3.6 kpc if rdiff > l0
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Figure 9. Same as Figure 5, but the DMIGM of observed
events is set to 50% and 80% of the DMxg in the top
and bottom panels, respectively. The cyan lines indicate
the expected τhost according to the scaling law given in
Cordes et al. (2016). The red lines indicate the sum of τhost
and fitted τIGM.
or 250 pc if rdiff < l0. Namely, the required L0 can be
∼ 5 orders higher than the values reported in previous
investigations. The latter were evaluated from the dif-
fuse IGM in voids and walls with ρb/ρ¯b ∼ 1, whereas
our results are based on the clumpy IGM in simulation,
which is mainly contributed by the gas in filaments and
clusters. Luan & Goldreich (2014) stated that the dis-
sipation of turbulence with a notably small outer scale
might double the temperature of the IGM on an ex-
tremely short timescale and would be incompatible with
the cooling timescale, which is comparable to the Hubble
time tH . The heating timescale τheat is approximately
(XZ16)
τheat ∼
L0
cs
= 200(
L0
10−2pc
)(
T
105K
)−
1
2 yr, (8)
where cs is the speed of sound. If L0 = 10
−2pc, τheat is
∼ 200 yr for gas with T = 105K, which is much shorter
than tH . The required L0 ∼ 5 pc here can increase τheat
to ∼ 105 yr but remains significantly shorter than tH .
This tension may be further alleviated when we con-
sider the distribution of turbulence. The turbulence in
the IGM is only well developed in the over-dense region.
Hence, the turbulence heating is a local effect and will
not change the global thermal history of the IGM, par-
ticularly the diffuse IGM in the voids and walls. More-
over, for the warm-hot (105 < T < 107K) gas in the
over-dense region, the median ratio of turbulent kinetic
energy to thermal energy was approximately ∼ 0.3 in
the adaptive mesh refined cosmological hydrodynamic
simulations (e.g., Schmidt et al. 2017). Hence, turbu-
lent heating is not expected to dramatically change the
temperature. For the cold gas (T < 105K) in the over-
dense region, the cooling will be largely accelerated by
the metal enrichment (Smith et al. 2008).
However, the required L0 ∼ 5 pc to produce τIGM ∼
5ms at ν = 1GHz is much smaller than the resolu-
tion of our simulations, and remains significantly smaller
than the turbulence injection scale associated with cos-
mic structure formation, i.e., & 0.1 Mpc, according to
cosmological simulations(Ryu et al. 2008; Z13). The up-
per end scale of the inertial range of Kolmogorov turbu-
lence is usually 0.5 dex smaller than the injection scale
(Porter et al. 1998), which may shorten the gap to 4 or-
ders of magnitude. In addition, we find that the effective
SM and required L0 increase by a factor of ∼ 3 when the
spatial resolution of simulation increases by a factor of 2,
because of improved capability to resolve over-dense re-
gion. On the other hand, increasing resolution can help
to resolve less massive objects and their motions, and
inject turbulence on scale smaller than current simula-
tions. Thus, the gap may be significantly reduced if the
simulation resolution is further increased, which, how-
ever, would require massive computational resources.
While a convergence result is currently unavailable
in this work, previous simulations and observations in
the literature can provide some hints on the poten-
tial capability of shorten the gap by increasing resolu-
tion further. Figure 2 indicates that, for a fixed L0,
the increment on SMeff in simulation with higher res-
olution results mainly from increased fraction of cells
with baryonic density ρb(z)/ρ¯b(z) > 100. At z = 0,
the mass fraction of baryonic matter with ρb/ρ¯b > 100
is ∼ 25% in B050, which is smaller than a fraction
of ∼ 35% in Dave et al. (2010) based on a simula-
tion with spatial resolution ∼ 5 kpc. The mass frac-
tion with ρb/ρ¯b > 1000 is about ∼ 2% and ∼ 5% at
z = 1 and z = 0 respectively in B050, which is smaller
than ∼ 9% and ∼ 8% respectively in Vogelsberger et al.
(2012) based on a moving-mesh cosmological simula-
tion with resolution of a few kpc. So far, the density
fluctuation in the IGM on and below ∼ 10 kpc has not
resolved by observations. Nevertheless, many observa-
tional efforts have been made to probe the properties of
multi-phase IGM at low redshifts(e.g., Shull et al. 2012,
Werk et al. 2014, Danforth et al. 2016). These studies
suggested that about 30% of the cosmic baryonic matter
was likely in the state of diffuse photoionized IGM with
10
ρb/ρ¯b < 100 and T < 10
5 K, based on observation of
low redshift Lyman-α forest. Another ∼ 30% was in the
phase of shock heated warm-hot intergalactic medium
with ρb/ρ¯b < 100 and T > 10
5 K based on observation
of O VI and broad Lyman absorbers. The remaining
∼ 40% may reside in collapsed objects and circumgalac-
tic gas with baryon density ρb/ρ¯b > 100, and is still
under investigation. In short, the mass fraction with
ρb/ρ¯b > 100 in the highest resolution simulation B050
in our work is lower than the results reported in the
literature. The mismatch between the required L0 and
turbulence injection scale is expected to be alleviated by
increasing resolution.
Last but not the least, if future observations find that
the IGM indeed plays an important role in the scattering
of FRBs, it may help to probe the gas in filaments and
clusters.
6. CONCLUSIONS
Using cosmological hydrodynamical simulations, we
investigate the dispersion and scattering of FRBs caused
by the IGM. The mean value of dispersion measure
contributed by the IGM as a function of redshift z in
our work is in well agreement with the literature(e.g.,
McQuinn 2014). Moreover, we probe the contribution
to DMIGM by the gas residing in various structures of the
cosmic web. We find that the gas in clusters contributes
approximately ∼ 15%−20% of the total dispersion mea-
sure caused by the IGM, the gas in filaments contributes
∼ 35−45%, and the gas in voids and walls contribute the
remaining ∼ 35 − 45%. We confirm that the scattering
by the clumpy IGM has significant LOS variations. We
show that the scattering of FRBs by the IGM in voids
and walls is weak, but the medium in clusters and fila-
ments can enhance the scattering by a factor of 200 in
our simulation with the highest resolution. Specifically,
the gas in clusters contributes approximately 65−80% of
the total SM caused by the IGM, while gas in filaments
contributes 20− 30%. We argue that the observed non-
monotonic dependence of the widths of FRBs on DMs
cannot determine whether the IGM is an important scat-
tering matter of FRBs or not, considering the significant
LOS variations, limited number of observed events and
mixing contribution to the DMs by the host galaxy and
IGM.
Under the assumption of turbulence following Kol-
mogorov scaling, an outer scale of ∼ 5pc is required
to make τIGM reach ∼ 1−10ms at 1 GHz to explain the
observed events with τ ≥ 1ms. This outer scale can sig-
nificantly alleviate the tension regarding the timescale
of turbulent dissipation and IGM cooling but remains
approximately 4 orders of magnitude lower than the cur-
rently estimated turbulence injection scale due to struc-
ture formation. We find that the estimated effective
scattering measure in our simulation is notably sensitive
to the simulation resolution. With a higher resolution,
stronger density fluctuations can be resolved. The gap
in the outer scale of turbulence may be effectively short-
ened if the simulation resolution can be enhanced. With
a mock sample of 500 sources evenly distributed in the
redshift range of 0.1 < z < 1.5, the dependence of τIGM
on DMIGM is τIGM ∝ DMIGM
1.56−2.02. The upper value
of the scaling index, i.e., 2.02, is determined by the gas
in clusters.
Factors including feedback from star formation and
AGN, and supersonic turbulence may further decrease
the gap in the outer scale. Feedback processes can drive
the density fluctuations below tens of kpc. The density
fluctuation of supersonic turbulence differs from that
of subsonic turbulence, which may change the required
scales (see XZ16). Meanwhile, effects such as zL and
Deff have not been considered, which makes our results
for τIGM somewhat overestimated. The selection effect
and intrinsic redshift distribution of the FRBs remain
unclear. Finally, the contributions from both the IGM
and host galaxies may play important roles in the scat-
tering of FRBs. Namely, the IGM in filaments and clus-
ters may dominate the scattering of some FRBs, whereas
the host galaxy dominates others. As the number of ob-
served events continues increasing, the dependence of τ
on DM may help to ascertain the relative contributions
from the host galaxy and IGM. A more comprehensive
investigation will be conducted in the future to cover
these factors.
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